Abstract: Aerodynamic levitation is a simple way to suspend samples which can be heated with CO 2 lasers. The advantages of this technique are the simplicity and compactness of the device, making it possible to integrate the device easily into different kinds of experiments. In addition, all types of sample can be used, including metals and oxides. The integration of this technique at synchrotron and neutron sources provides powerful tools to study molten materials.
INTRODUCTION
Studies of the liquid state present an obvious fundamental interest and are also important for technological applications since the molten state is an essential stage in various industrial processes (glass making, single-crystal growing, iron-and steel-making industry…).
Most of the physical properties of a high-temperature liquid are related to its atomic structure. Thus, it is important to develop devices to probe the local environment of the atoms in the sample. At very high temperature, it is difficult to use conventional furnaces, which present several problems. In particular, the sample can be polluted by the container and the structural properties of the materials can be affected by the crucible. This has led to the development of containerless techniques and their use at synchrotron and neutron sources to study the structure and dynamics of molten materials.
to study the sample with a very high degree of control and to access very high temperatures. An additional advantage of the containerless method is that it is possible to supercool hot liquids several hundreds of degrees below their equilibrium freezing point.
Different levitation techniques have been developed by various groups around the world, and we give a short description of the principal methods.
Electromagnetic levitation [1] is one of the oldest techniques used for containerless experiments. In this case, a radio-frequency electromagnetic field is generated by a levitation coil. Then, Foucault currents are induced in the sample. This leads to an inductive heating of the sample and at the same time, the interaction of the Foucault currents with the magnetic field of the coil leads to a force that counteracts the gravity and makes it possible to levitate the sample. The levitation coil is situated in a vacuum chamber which is first evacuated and then filled with a very high purity gas, usually He or a mixture He + H 2 (few percents). The temperature of the sample is controlled by varying a gas flow arriving onto the sample through a ceramic tube. With this technique, the sample must be an electrical conductor (metals or semiconductors).
With electrostatic levitation [2] , the sample is electrically charged and levitated in a vertical electrostatic field between two electrodes. Two pairs of smaller side electrodes are used to position the sample horizontally. When it levitates, the sample can be heated using lasers. With this method, it is possible to study all samples that can be electrically charged. This method has various advantages. First, it works under vacuum, preventing contamination, and it makes it possible to study bad electrical conductors or materials with low melting point. One drawback is the complexity of the set-up that limits its combination with various spectroscopies. While some insulating oxides can be studied with this technique, it is mostly used with metals.
The acoustic levitation [3] uses an acoustic wave that is used to counteract the gravity, and as previously, the sample can be heated using lasers.
With the gas film levitation technique [4] , the sample is levitated by floating on a thin gas film formed by a gas flow passing through a porous membrane. The typical thickness of the gas film is between 10 and 100 µm. With this technique, it is possible to levitate a large amount of material (a few grams), which can be heated using a furnace, for instance.
At CRMHT, we have chosen to work with the aerodynamic levitation method associated with CO 2 laser heating [5, 6] . The advantages are the simplicity and compactness of the device, making it possible to integrate the device easily in different experimental set-ups. Some devices developed at neutron and synchrotron sources will be presented.
Temperature measurements
With levitation techniques, optical pyrometry is the ideal method for temperature measurements. This technique is very easy to use but requires emissivity corrections to derive the true temperature, T, from the apparent temperature T a measured by the pyrometer:
where C 2 = 1.4388 cm. K is the Planck's second radiation constant and ε λ is the spectral emissivity of the material at the used pyrometer wavelength λ.
STRUCTURE OF LIQUID MATERIALS
X-ray and neutron scattering techniques are important sources of structural information on molten materials through the determination of the structure factor S(Q) and the calculation of the corresponding pair correlation function g(r). Over the past 10 years, the combination of containerless techniques with X-ray diffraction at synchrotron sources has enabled structural investigations of various materials above the melting point and in the supercooled state [7, 8] . More recently, neutron diffraction has been applied to the study of levitated liquids [9] . In the following paragraph, we detail these two techniques and show some recent results.
Theoretical background
A detailed description of the technique and theoretical background for X-ray and neutron diffraction from liquids and glasses can be found in Fischer et al. [10] . In an X-ray diffraction experiment from an n-component material, the mean differential scattering cross-section per atom can be written as: (2) where c i and f i are, respectively, the atomic concentration and the atomic scattering factors of species i present in the sample.
is a complex quantity containing anomalous dispersion coefficients f i' ' and f i ". All these values are tabulated [11, 12] . With neutrons, the f i are replaced by the coherent scattering length b i . The b i values have been compiled by Sears [13] . The pair correlation function g(r) is calculated from S(Q) using a classical Fourier transform: (3) where ρ 0 is the number of atoms per unit volume. Like S(Q), g(r) is a weighted sum of partial functions:
Experimental set-up for X-ray scattering X-ray diffraction experiments have been carried out at various synchrotron sources using different setups. We describe here the levitation set-up installed at the ID-11-C beamline at the Advance Photon Source (APS) in Argonne, IL, USA. This beamline is situated on a multipole wiggler providing an intense X-ray beam. Since it is largely described elsewhere [14] , we give only a brief description of the apparatus (illustrated in Fig. 1 ).
The levitation chamber is mounted at the center of the goniometer. A spherical sample (3 mm in diameter) is levitated by a gas flow going through a nozzle situated in the center of the chamber. A mass flow controller enables an accurate regulation of the gas flow. For experiments on liquid metals, the chamber is evacuated, filled with high-purity argon and then purged for short durations with a gas flow. A pressure regulation system maintains the chamber at a pressure around 500 mbar. The argon gas flow is about 0.3 l/min.
The heating system is constituted by a 270-W CO 2 laser (λ = 10.6 µm) directed at the sample with two mirrors through a ZnSe window.
Two optical pyrometers are employed simultaneously. The first one operates at 0.65 µm, and the second in the 1-2.5 µm band pass. The pyrometers are oriented at 45°on either side of the vertical plane and are focused at a point on the surface of the specimen close to the illumination point of the X-ray beam. A precise sample positioning is achieved by means of a motorized translation stage nozzle and using a phosphor screen in front of a video camera to observe the shadow of the specimen in the X-ray beam.
The diffracted beam is detected using a germanium solid-state detector scanned over wide angular range.
Experimental set-up for neutron scattering
It is also interesting to have the possibility to combine X-ray and neutron scattering experiments. Figure 2 is a schematic view of the levitation set-up integrated into the D4c spectrometer [15] at the Institut Laue-Langevin (ILL) in Grenoble, France. This system is an evolution of our first device developed for the SANDALS station at ISIS [16] (Rutherford Laboratory, UK). The samples are heated to the desired temperatures by two 125-W CO 2 lasers directed from above. The laser beams are focused on the sample by means of spherical mirrors at two different angles in order to obtain a homogeneous temperature distribution. Two NaCl windows are used to transmit the beam into the vacuum chamber. The pyrometer is placed inside the chamber to avoid window corrections. A third laser directed at the sample from below through the nozzle is used to compensate the cooling of the sample by the gas flow. A high-quality video image of the sample taken from above is continuously displayed in order to monitor the sample levitation during heating. Video images of the sample are also recorded with a horizontal camera in order to determine the sample position in the levitator and to monitor the vertical stability.
Structure of liquid metals
In this section, we present a structural study of liquid Zr using X-rays. In order to avoid fluorescence effects, scattering measurements were made at an X-ray energy of 17.9 keV, just below the Zr Kα absorption edge (17.998 keV). We used an angular range of 2-105°, giving a maximum value for the scattering vector Q of 14.4 Å -1 .
The X-ray structure factors for liquid Zr are plotted in Fig. 3a at four temperatures above the melting point (2128 K): 2200, 2325, 2446, and 2580 K. All curves are very similar, showing that there is no important structural evolution with the temperature. They are characterized by a main peak at 2.4 Å -1 followed by a broader second peak centered at 4.45 Å -1 . There is also a weaker third peak around 6.5 Å -1 . Figure 3b shows the pair correlation function at the same four temperatures obtained by a Fourier transform of S(Q) using eq. 3. All curves exhibit five well-defined peaks centered at 3.18, 5.79, 8.55, 11.89, and 13.75 Å. Integration under the first peak in all g(r) gives similar coordination numbers from 12.5 ± 0.5 at 2580 K to 12.3 ± 0.5 at 2200 K. This very slight variation with decreasing temperature does not allow any conclusion. In addition, an inverted behavior has been found with a neutron-scattering experiment [17] . In the solid, Zr has a hexagonal closed-packed (hcp) structure (P63/mmc space group) with lattice parameters a = b = 3.23 Å and c = 5.14 Å. It is then possible to calculate the first in- teratomic distances. For the five first we find 3.17, 3.23, 4.53, 5.14, and 5.56 Å. These interatomic distances are very close to those obtained in the liquid state. This shows that the liquid structure is very similar to the solid one.
Structure of liquid refractory oxides
With a pure element as previously, it is relatively easy to determine distances and coordination numbers. In this section, we will see that the data interpretation becomes more complicated with multicomponent materials. We present in the following a combined X-ray and neutron study or liquid YAG (Y 3 Al 5 O 12 ) above its melting point (2220 K). The interest in studying the liquid properties of YAG arises from the fact that when it is doped with rare earths, it can be used in pumped lasers [18] or in scintillators [19] . YAG crystals are grown from the melt that requires a precise control of the growth conditions. It is then important to study the thermophysical properties that are related to the structure of the material at the atomic scale.
X-ray measurements were made at an energy of 16.75 keV, below the Y Kα absorption edge (17.038 keV). We used an angular range of 2-105°, giving a maximum value for the scattering vector Q of 13.5 Å -1 . The neutron data were obtained at a wavelength of 0.5 Å (~24.8 keV) in a 5-135°an-gular range, which gave a usable Q-range of 0.2-23.2 Å -1 . Figure 4a shows the X-ray and neutron structure factors S X (Q) and S N (Q) of liquid YAG at a temperature of 2373 K. Both curves exhibit several peaks. In S N (Q), the first peak around 2.1 Å -1 is very small compared to the corresponding peak at 2.13 Å -1 in S X (Q). If we have a look at the weighting factors for neutron and X-rays (Table 1) , it means that this peak is mostly due to Y-Y, Y-Al, and Al-Al correlations that have relatively low neutron weighting factors compared to X-rays, respectively, 13.5 and 41.1 %. The second peak at 2.86 Å -1 in the neutron S(Q) is mostly due to O-O correlations. The X-ray and neutron pair correlation functions g(r) obtained by a Fourier transform of S(Q) are presented in Fig. 4b range of S N (Q) compared to S X (Q). In both cases, the first two peaks are found at the same position. The first peak at 1.76 Å corresponds to the nearest-neighbor Al-O distance, and the second peak at 2.22 Å is due to Y-O correlations. A Gaussian fit gives Al-O coordination numbers of 4.1 ± 0.5 with neutrons and 4.2 ± 0.5 with X-rays in agreement with a previous X-ray study of liquid YAG [20] . The interpretation of the other peaks is more difficult, since all other correlations are involved.
To go further, it is possible to use more selective methods like the anomalous X-ray scattering technique [21, 22] . Some experiments have already been performed, and the data treatment is in progress.
DYNAMICS OF LIQUID REFRACTORY OXIDES
The dynamics of liquids are reasonably well understood in two regimes of length scale L. When L is much longer than interatomic distances, it means at Q values close to zero. In this case, hydrodynamic theory is applied. The other case is when L is of the same order as interatomic distances. It corresponds roughly to Q values above the first peak in S(Q). In this case, we can apply kinetic theory.
The intermediate region remains a challenge for modern statistical physics [23] [24] [25] . Kinematic restrictions of neutron scattering make it impossible to reach a certain range of wave vector Q, and it is not possible to work at very high temperature with light-scattering techniques like Brillouin spectroscopy because the inelastic signal is masked by the thermal radiation.
The high-resolution inelastic X-ray scattering (IXS) technique goes beyond these limitations and has been largely used to study various liquids including water [26] , molecular liquids [27] , and metallic melts [28, 29] . This method has been recently applied to study levitated liquids [30, 31] . For all these studies, the data interpretation is based on generalized hydrodynamics, which is an extension of the classical hydrodynamics with a frequency dependence of the transport coefficients like the viscosity.
Theoretical background
In an IXS experiment, the intensity is given by the convolution of the dynamic structure factor S(Q,ω) with the resolution function R(ω). An angle-dependent factor A(Q) is also applied:
At low Q, typical IXS spectra exhibit a triplet including a central Rayleigh peak and two lateral Brillouin peaks. In the generalized hydrodynamic theory, S(Q,ω) can be written as a sum of three Lorentzians where Γ is the width of the central peak, Γ S and ω S are the width and frequency of the Brillouin peaks: (6) The frequencies of the Brillouin peak, renormalized by the damping term, have a linear Q dependence, and the slope gives directly the sound speed:
To determine the longitudinal viscosity, we applied a two-time-scale model. In this formalism, thermal fluctuations are neglected and the density fluctuations are described by a slow process following a Debye law (exponential decay) and a fast process quasi-instantaneous. In this case, the longitudinal viscosity is given by: 
where the first term is related to the width of Brillouin peaks and the second term is associated to the width of the Rayleigh peak.
Experiment
The levitation set-up will be described in detail in a forthcoming paper. It was mounted on the ID16 beamline at ESRF (Grenoble, France) [32] . The incident beam with an energy of 21.747 keV is obtained by the (11,11,11) reflection on a silicon monochromator operating in a back-scattering mode. The scattered photons are collected by five spherically bended Si crystals, making it possible to measure five Q positions simultaneously. Measurements were performed in the 1-15 nm -1 Q range. The energy resolution of the spectrometer was measured using a Plexiglas ® sample. This material acts as a purely elastic scatterer with a negligible width in the elastic peak, thus, its spectrum represents the energy resolution function of the instrument. Figure 5a shows the inelastic X-ray scattering spectra for liquid MgAl 2 O 4 at three values of the wave vector Q. Measurements were performed above the melting point at a temperature of 2423 K. Figure 5b shows the linear Q dependence of Ω s . The linear fit gives a sound velocity of 6380 ± 150 m/s. IXS spectra were fitted using the two-time-scale model, and results are also reported in Fig. 5a using plain lines. From theses fits, we determined a longitudinal viscosity of η l = 60 mPas.s. The relaxation time of the slow process is found to be around 0.9 ps.
The inset of the figure shows the evolution of the sound velocity above the melting point of (MgO) 1-x (Al 2 O 3 ) x compounds for the composition x = 0.5, 66.6, and 1. The evolution is quasi-linear and has the same behavior as the speed of sound in the solid with a ratio liquid/solid around 0.7. This two-time-scale model works well in this case, but cannot be used systematically. Very often, it is necessary to introduce a second relaxation time [33] .
SUMMARY
The use of containerless techniques enables studies of materials above the melting point and in the supercooled state with a high degree of control. In particular, the atomic structure of liquid materials can be determined by measurements of the X-ray structure factor S(Q) and calculation of the corresponding pair correlation function g(r). Of the different containerless methods, aerodynamic levitation combined with laser heating has proved to be a powerful and versatile technique for studying the structure, dynamics, and macroscopic properties of high-temperature liquids including insulating compounds (glasses, ceramics, and oxides) and metallic materials.
In most cases, the studied material has more than one element and the interpretation of the results is not easy because S(Q) and g(r) are weighted averages of the corresponding partial functions for the different element pairs. It is then particularly useful to have several determinations of S(Q) and g(r) by using X-ray and neutron scattering. It is also possible to use more selective methods like the anomalous X-ray scattering technique [34, 35] . The recent developments at IXS beamlines make it possible to study the dynamics of levitated liquids and access information not previously accessible.
